Abstract. The emission/ionization process under massive argon cluster bombardment was investigated by measuring the internal energy distributions of a series of benzylpyridinium ions. Argon clusters with kinetic energies between 10 and 20 keV and cluster sizes ranging from 500 to 10,000 were used to establish the influence of their size, energy, and velocity on the internal energy distribution of the secondary ions. It is shown that the internal energy distribution of secondary ions principally depends on the energy per atom or the velocity of the cluster ion beam (E/n ∝ v 2 ). Under low energy per atom (E/n ˂ 10 eV), the mean internal energy and fragmentation yield increase rapidly with the incident energy of individual constituents. Beyond 10 eV/atom impact (up to 40 eV/atom), the internal energy reaches a plateau and remains constant. Results were compared with those generated from bismuth cluster impacts for which the mean internal energies correspond well to the plateau values for argon clusters. However, a significant difference was found between argon and bismuth clusters concerning the damage or disappearance cross section. A 20 times smaller disappearance cross section was measured under 20 keV Ar 2000 + impact compared to 25 keV Bi 5 + bombardment, thus quantitatively showing the low damage effect of large argon clusters for almost the same molecular ion yield.
Introduction
S econdary ion mass spectrometry (SIMS) has been applied to analyze organic substances under static condition, i.e., with primary ion dose below 10 13 ions/cm 2 . This condition ensures that every impact is on an intact area to avoid sampling of damaged surfaces [1] . As a result, a very small proportion of the surface material is sputtered and of which less than 1% is ionized [2] , leading to very low secondary ion yields. Consequently, considerable efforts have been put into the development of more efficient polyatomic ion beams to increase the sputter efficiency and the secondary ion yield. Among the most widely exploited cluster ion beams, SF 6 neutral beam [3] and SF 5 + ion beam [4] were demonstrated to greatly enhance secondary ion yield and reduce sample damage in characterizing organic polymers. The non-linear enhancement of secondary ion yields by Au n q+ was reported by Blain et al. [5] and Benguerba et al. [6] , and later Bi n q+ by Touboul et al. [7] , both of which have been intensively applied to molecular imaging ever since. In particular, much attention has been drawn to C 60 ion beam since it became a routine ion source in TOF-SIMS [8, 9] . C 60 bombardment illustrates greatly enhanced secondary ion yields especially for molecular ions and significantly smaller damage cross section, which result in a number of applications in depth profiling and 3D imaging [10] [11] [12] . Nevertheless, despite the secondary ion yield enhancement with the above cluster ion projectiles, the molecular damage caused by the energetic ion beams is still prominent.
The use of large argon clusters [13] to analyze organic samples was first proposed by Ninomiya et al. [14, 15] and was proved to be able to ionize amino acid and small peptide without causing significant fragmentation, implying that a soft ionization process might take place under the impact. Large argon clusters are typically composed of hundreds to thousands constituents, resulting in extremely low energy per atom E/n. Thus, it is suggested that the Bsoft^sputtering associated with large argon clusters is due to the low incident energy of the constitutional atoms arriving on the target. Those low-energy projectiles induce a very short range of penetration into the solid material so that the energy is deposited within the first layers of the surface without causing damage to the underneath layers. However, the ionization/desorption mechanism of the analytes involved in such bombardment is still poorly understood.
We herein propose to examine the internal energy distribution of the secondary ions (SIs), namely the internal energy imparted to desorbed ions by projectiles during the impacts. Survival yield measurements were implemented to determine internal energy distributions of SIs produced from argon and bismuth clusters bombardments, respectively. This approach has been previously applied to determine the internal energy of species produced from fast atom bombardment (FAB) [16, 17] , matrix-assisted laser desorption/ionization (MALDI) [18] , electrospray ionization (ESI) [19, 20] , which are wellrecognized methods of Bsoft^ionization, as well as gold nanoparticle impact at high energy [21, 22] . Thus, the Bsoftness^of the ionization process under massive argon cluster bombardment was evaluated and compared with small bismuth clusters.
Experimental

Sample Preparation
Benzylpyridinium (BYP) salts were generously provided by Prof. D. Rondeau (Univ. de Bretagne Occidentale, Brest, France) except the p-cyanobenzylpyridinium salt which was purchased from Otava Chemicals Ltd. (Kyiv, Ukraine). They were separately prepared in MeOH/H 2 O (1:1) and mixed before TOF-SIMS analyses. p-CH 3 , p-OCH 3 , p-NO 2 , p-Cl, p-F substituted BYP ion solutions were mixed together to form one solution, while p-CN, m-CH 3 , m-OCH 3 substituted BYP ions and 1-benzylpyridinium were mixed to obtain another. This approach permits to perform the measurements with the same projectiles under exactly the same conditions of surface, impact, and detection efficiency. Of each mixed solution, 0.5 μL was deposited onto a gold plate and allowed to dry in air before analysis.
TOF-SIMS Analysis
MS experiments were performed with a commercial TOF-SIMS IV (ION-TOF GmbH, Münster, Germany) mass spectrometer equipped with a bismuth liquid metal ion gun (LMIG) and argon gas cluster ion beam (GCIB). In the present instrumental setup [7, 23] , the Bi-LMIG is able to deliver pulsed and mass selected Bi n (n = 1-7) ions with single or double charges. The Bi n q+ ions were accelerated to kinetic energies of either 25 × q keV or 12.5 × q keV. The pulse durations of the primary ion beams were adjusted to keep a relatively low Poisson correction factor around or less than 1.1 so that saturation of the detection was negligible. Consequently, the target currents of the Bi n q+ beams measured at 10 kHz were generally below 0.1 pA. All the primary ions were bunched for the sake of a typical mass resolution of 5300 at m/z 204. The GCIB ion column produce giant argon cluster ions of which the sizes vary from few hundreds up to 10,000. A 90°pulsing system was used to generate short pulsed ion beams with a mass resolution of 60-120. Details about the performance of this setup have been described previously [24] . In this report, different beam energies were investigated: the 20 keV energy argon clusters were selected to study the size dependence of internal energy distribution of secondary ions because of the attainable wide range of argon cluster sizes and certain 10 keV, 15 keV, and 20 keV argon clusters were selected to examine the influence of cluster size and impact energy at given velocities (E/n = 2, 5, 10, 20 eV/atom). The beam currents of argon cluster ions were typically below 0.05 pA at 10 kHz. The incident angle was 45°for both bismuth and argon cluster ion beams. Secondary ions were extracted into a single-stage reflectron-type analyzer with kinetic energies of 2 keV and then post-accelerated to 10 keV before reaching a hybrid detector composed of a single microchannel plate followed by a scintillator and a photomultiplier. The electron flood gun was switched off during all the acquisitions because the low-energy electrons could slightly overestimate the internal energy distribution.
Mass spectra of Bi n q+ impacts were recorded on an area of 100 μm × 100 μm divided by 128 pixels × 128 pixels, with ion doses of 6 × 10 8 -4 × 10 10 ions/cm 2 . Ar n + bombardments were carried out on a larger area of 500 μm × 500 μm with ion doses lower than 8 × 10 8 ions/cm 2 . Measurements of disappearance cross sections were performed on 100 μm × 100 μm areas with 128 × 128 pixels for each area. The ion doses depended on the decreasing slope of secondary ion intensity versus primary ion fluence and were about 10 13 ions/cm 2 for Bi clusters and more than 10 14 ions/cm 2 for Ar clusters, respectively. The area integration of precursor and fragment peaks was processed with SurfaceLab 6.5 (ION-TOF GmbH, Münster, Germany). Survival ion yields against dissociation energy of benzylpyridinium ions and derivatives were plotted using OriginPro 2015 (OriginLab Corporation, Northampton, USA) [25] .
Results
Determination of Internal Energy Distribution
The survival yield (SY) method for determination of internal energy distribution was previously described in detail by Gabelica et al. [26] . Briefly, a series of the so-called thermometer ions with different dissociation energies are first analyzed. + is the molecular ion and F + the fragment ion, followed by plotting the SYs as a function of dissociation energies. Benzylpyridinium salts can be considered suitable as thermometer ions owing to their very similar structure, the well-studied dissociation pathway leading to benzyl cation, and already calculated dissociation energies related to the property of substituent groups. In the current case, two critical conditions are assumed: no parent ion remains (SY = 0) when the dissociation energy is zero, and no fragment ions are produced (SY = 1) when the dissociation energy is 4 eV. Then, the data points were fitted with a sigmoidal curve with fixed maximum SY of 1 using the following logistic function:
where a was fixed at 1, x c corresponds to the abscissa of the inflection point and k to the steepness of the curve. It must be noted that the logistic function [27] is deemed better than the Gaussian function for fitting our experimental data. The derivative of the sigmoidal curve gives the internal energy distribution of the desorbed thermometer ions. It must be noted that the absolute values of internal energies could be obtained by taking into account kinetic shift and replacing the critical energies by appearance energies which are energies at which the rate constant for the dissociation is equal to 1/τ, τ being the time scale of the experiment. As we assume that the time scale of the experiment did not vary significantly for argon clusters when changing the primary ion parameters (energy and/or size of the clusters), tabulated dissociation energies for five benzylpyridinium salts were used for the determination of internal energy distribution ( Table 1 ). The dissociation energies employed here were calculated at CCSD(T)/BSII//B3LYP/BSI level [21] . Figure 1 shows the survival yields determined from the 20 keV Ar 500 + bombardments, where an overestimation of the survival yield of p-nitrobenzylpyridinium ion is observed after fitting the data points with a sigmoidal curve. This overestimation is probably due to the occurrence of an alternative fragmentation pathway apart from the typical one which goes through the lowest activation barrier (cleavage of C-N bond in benzylpyridine). Indeed, in the corresponding mass spectrum (Fig. 1b) , the ion at m/z 169.1 which can be assigned to C 12 H 11 N + is very likely another fragment of p-NO 2 BYP ion [28] . However, the p-NO 2 BYP ion shows the highest critical energy among the series and was retained since the same experimental procedure will be applied to all the projectiles. 
Internal Energy Distribution of Thermometer Ions Under Argon Cluster Bombardment
Argon clusters with cluster sizes of 500-10,000 at a fixed kinetic energy of 20 keV were firstly investigated. Representative mass spectra recorded under impacts of 20 keV Ar n + clusters (n = 500, 1000, 2000, 4000, 6000, and 8000) are provided as supplementary data (Fig. S1 ). An apparent shift of internal energy distribution towards lower energy is observed as the cluster size increases at the same total energy (Fig. 2) . Driven by the benefit of soft ionization in biomolecule analysis, a few experimental studies [14, 15, 29] as well molecular dynamic simulations [30] [31] [32] have been carried out to determine the effect of cluster size on the molecular ion production. In accordance with previous reports about argon cluster bombardments on amino acid species, the present work shows that increasing the number of constituents in the argon cluster could effectively reduce fragmentation of the organic molecules to an extent that very few or no fragment ions are detected (Fig. S1 ) [29] . As a result, the mass spectra become much simpler and in some extent could better reveal the chemical information of the samples. Apart from cluster size, another relevant parameter that characterizes a cluster ion beam is the energy per atom E/n which stands for the velocity of the clusters. Since the internal energy measured with the survival yield method depicts the internal energy imparted to the desorbed molecular ions by the projectiles during bombardment, the internal energy distribution can be affected by both impact energy of individual constituents E/n and total energy E. Figure 3 displays the internal energy distributions of secondary ions under impact of argon clusters with E/n of 2 eV, 5 eV, 10 eV, and 20 eV, respectively. Argon clusters which share the same velocity but carry different energies and constitutional numbers result in approximately the same distribution. This observation indicates that the internal energy distribution mainly depends on the E/n of the clusters, independent of the total kinetic energy and cluster size in this energy range. The variation in the distribution width shown in Fig. 3a is probably due to the cluster distribution of the selected ion beams. It is worth noticing that the average internal energy of the thermometer ions increases with the impact velocity, from 1.56 to 2.24 eV when the impact energy/atom raises from 2 to 20 eV/atom.
In order to establish the influence of incident velocity on the internal energy distribution of secondary ions under argon cluster bombardments, we then plotted the mean internal energy as a function of energy per atom E/n of the 20 keV argon clusters. As shown in Fig. 4 , below E/n = 10 eV, the internal energy increases rapidly as the energy per atom increases. While for E/n > 10 eV, the mean internal energy of the SIs stays more or less constant in spite of the increasing incident energy. The raise of internal energy at low velocity impact can be easily explained by the increase in energy deposition when clusters with higher E/n hit the target. A similar increase followed by a plateau was observed experimentally by Gnaser et al. [29] when measuring the amino acid ion yield measurement as a function of the energy per atom, as well as in MD simulations where a relatively higher value of 15-20 eV was predicted for the plateau [32] . While such saturation phenomenon is not yet well understood, it may however be due to an increase of the energy dissipation under higher energy impact, as in the case of C 60 projectiles [33] . Therefore, only the projectile energy deposited in a certain volume could contribute to this energy transfer. Thus, it can be concluded that for organic sputtering by large argon clusters, Bsofter^ionization could be obtained by decreasing the energy/atom lower than 10 eV.
Examination of the secondary ion yield under the low E/n impact is illustrated for p-OCH 3 BYP ion in Fig. 5 . The lowest energy per atom investigated here is 2.5 eV which is still able to afford an effective sputtering process providing an ion yield of 1.18 × 10 −2 for the molecular ion (Fig. 5a ). This may partly benefit from the readily charged target molecular ions, while it is more likely due to the enhancement effect of cluster ions. The low energy but extremely dense impacts cause more efficient sputtering than individual atoms. It is noted that effective sputtering was also observed under impact of clusters with E/n = 2.0 eV (20 keV Ar 10000 + ). However, the cluster ion current was too low to afford an accurate value of SY. Figure 5 also demonstrates that the molecular ion yield of p-OCH 3 BYP ion decreases rapidly as E/n increases from 2.5 to 10 eV while the fragment ion yield exhibits an opposite trend, indicating an increase of fragmentation extent as the impact velocity increases. Nevertheless, the decrease of molecular ion yield may also be partly due to the metastable decay occurred during the flight to the detector [34] . In the case of p-OCH 3 BYP ion which has very low dissociation energy, the sum of molecular and fragment ion yields is revealed to be mostly constant irrespective of the E/n of the impacting clusters (Fig. 5c) , whereas for the thermometer ions with higher dissociation energies, the fragment ion yields are so low that the plots of summed ion yields versus E/n are governed basically by the behavior of molecular ions. The dependence of fragment ion intensity/molecular ion intensity ratio with the energy per atom is in line with the plot depicting the mean internal energy as a function of E/n of the argon clusters. It is worth noticing that all the 10 keV, 15 keV, and 20 keV argon clusters with the same energy per atom gave very similar ion yield values, demonstrating the beam velocity dependence of the secondary ion yields.
It has also been shown that the secondary ion yield decrease distinctively within a certain E/n. In particular, Gnaser et al. [29] have demonstrated that the molecular intensities of amino acids are relatively constant beyond E/n = 10 eV while drop dramatically in the low-energy regime (E/n < 10 eV). This phenomenon was tentatively explained by the decrease in the number of free protons produced during the bombardment, thus reducing the protonation of sputtered molecules. In other words, the molecular ion production is mainly determined by the ionization efficiency under low-energy impact. This assumption is confirmed by our observation that the ion yield of thermometer ions decreases with E/n of the impinging projectiles. Since there is almost no ionization barrier for the thermometer ions (BYP cations), the fragmentation will take place as soon as the received internal energy exceeds the dissociation energy, leading to the decrease of molecular ion yield.
Internal Energy Distribution of Secondary Ions Under Bismuth Cluster Bombardment
With the same instrumental configuration, the internal energy distributions of SIs under small bismuth cluster impacts were also examined for comparison. Figure 6 displays the internal energy distributions of thermometer ions under 25 keV or 50 keV Bi n q+ cluster bombardments. It is revealed that the internal energy distributions obtained from different bismuth clusters are more or less similar in terms of both the mean internal energy and the width of the distribution. Further examination of Bi n q+ ion beam accelerated by 12.5 kV voltage gave nearly identical results with a mean internal energy of 2.2-2.4 eV ( Table 2) . Rather surprising at first thought that the internal energy imparted from Bi clusters to the SIs is independent of the beam energy, however, this finding is consistent with the results from high energy per atom (E/n > 10 eV) argon cluster impacts, where the mean internal energy remains constant at~2.24 eV. Since the energy per atom of the examined Bi clusters is far beyond 10 eV, all the data points shall fall onto the plateau and provide similar mean internal energy.
Secondary Ion Yield, Disappearance Cross Section, and Ion Efficiency Under Bismuth and Argon Cluster Bombardments
To further understand the low-energy impact of massive argon clusters, several values such as secondary ion emission yields Y, disappearance cross section σ, and secondary ion efficiency E (defined as Y/σ) obtained under argon cluster bombardment were compared with those from small bismuth cluster bombardments. The definitions and determination of these values have been comprehensively described elsewhere [23, 35] . Table 3 summarizes the cluster species and the corresponding Y, σ, and E generated for p-OCH 3 BYP ion, and mean internal energy (IE) values. It should be noted that only one argon cluster species is investigated here, due to the significantly small damage cross section which requires extremely long acquisition time to observe the decrease of ion intensity (the experimental data for argon cluster are depicted in Fig. S2 ). Upon comparison, it is revealed that the secondary ion yields obtained under 20 keV Ar 2000 + cluster impact are of the same order of magnitude as those measured from bismuth cluster impacts. Meanwhile, although there is a dramatic difference in energy per atom between bismuth cluster (keV regime) and argon cluster (eV regime), the amount of energy transferred to the analytes during the bombardments proves to be very similar. However, it is worth noticing that the disappearance cross section for large argon cluster bombardment (4. . These values directly show that large argon cluster sputtering induces greatly reduced sample damage, consistent with previous comparison studies with C 60 + projectile [36, 37] .
Conclusion
Examination of internal energy distributions of the thermometer ions allowed us to evaluate the Bsoftness^of the ionization process of cluster bombardments. Results show that larger argon clusters, especially those with E/n < 5 eV, give lower and narrower internal energy distributions, implying a Bsofterî onization process. Moreover, the fragmentation yield increases with the incident energy of individual constituents when E/n is less than 10 eV, whereas a saturation state arises with E/n exceeding 10 eV. Under keV bismuth cluster impacts, all the Bi n q+ species gave similar internal energy distributions with mean internal energy values close to those obtained under E/n > 10 eV argon cluster impact. Therefore, the relatively constant mean internal energy values obtained from bismuth cluster impact might correspond to the plateau shown in Fig. 5 , and this plot may possibly present the universal behavior of the cluster impact in TOF-SIMS. However, further investigation of a wider range of projectiles will be required to verify this hypothesis.
In addition, compared with bismuth clusters, argon cluster impact provides similar secondary ion yield but much higher secondary ion efficiency owing to the significantly smaller disappearance cross section.
